Because Chinese reading and writing systems are not phonetic, Mandarin Chinese learners must construct six-way mental connections in order to learn new words, linking characters, meanings, and sounds. Little research has focused on the difficulties inherent to each specific component involved in this process, especially within digital learning environments. The present work examines Chinese word acquisition within ASSISTments, an online learning platform traditionally known for mathematics education. Students were randomly assigned to one of three conditions in which researchers manipulated a learning assignment to exclude one of three bi-directional connections thought to be required for Chinese language acquisition (i.e., sound-meaning and meaning-sound). Researchers then examined whether students' performance differed significantly when the learning assignment lacked sound-character, character-meaning, or meaning-sound connection pairs, and whether certain problem types were more difficult for students than others. Assessment of problems by component type (i.e., characters, meanings, and sounds) revealed support for the relative ease of problems that provided sounds, with students exhibiting higher accuracy with fewer attempts and less need for system feedback when sounds were included. However, analysis revealed no significant differences in word acquisition by condition, as evidenced by next-day post-test scores or pre-to post-test gain scores. Implications and suggestions for future work are discussed.
INTRODUCTION
Mandarin Chinese is one of the most difficult languages for a native English speaker to learn. In 1982, the Foreign Service Institute (FSI) of the U.S. Department of State published a ranking that compared the approximate amount of time required for native English-speaking students to achieve "General Professional Proficiency in Speaking" and "General Professional Proficiency in Reading" in various foreign languages (Liskin-Gasparro, 1982) . The report listed Chinese as one of the five most difficult languages to learn, requiring 2,200 class hours to achieve speaking and reading proficiency; by comparison, French and Spanish were both listed as requiring less than 600 hours (Liskin-Gasparro, 1982; Wolff, 1989) . Chinese takes substantially longer to master than any of the European languages traditionally taught in American public schools (e.g., French, Spanish, German, etc.) due to its lack of common vocabulary roots, its novel tonal and writing systems, and its distinctly different syntactic structure.
De Francis (1984) summarized this issue by stating that "the most difficult and time-consuming aspects of learning Chinese are character recognition and handwriting." Because Chinese reading and writing systems are not phonetic, learners are required to construct a six-way mental connection in order to learn each new word. When learning a new word, students must learn the word's specific character(s), associate the character(s) with its meaning, and recall the word's sound(s) in order to communicate with the word. Connections between character, meaning, and sound must be bi-directional for successful use of the word in writing, reading, and conversation. In contrast, learners of phonetic European languages usually only need to construct two-way mental connections to be able to write, read, and converse. Native speakers of traditionally phonetic languages struggle when learning Mandarin because it is not possible to "spell" Chinese characters and, often, there is no obvious association between a character and its sound (i.e., it is not possible to "sound it out"). Even native Chinese speakers may blank when called upon to write the character for a relatively common word due to this lack of intuitive connections. Warschauer and Healey (1998) argued that the development of information technology provided foreign language instructors and learners with new possibilities for practicing language acquisition. For instance, the popular language-learning app Duolingo (2017) offers gamified, self-paced courses for native English speakers to learn 27 languages (NPR/TED Staff, 2014). As users progress through each lesson in their course, the app uses their responses to develop and verify translations of websites and articles on the Internet. However, Duolingo did not offer a course in Mandarin until 2017 (Hagiwara, 2017) , likely due to the complexities involved in teaching and learning Chinese as a second language. The app ChineseSkill follows a gamified format similar to that of Duolingo, but focuses strictly on Mandarin (ChineseSkill Co., Ltd, 2017) . Applications like these broaden the reach of the Chinese language to learners who may have otherwise been intimidated by the time and commitment it requires to gain fluency.
Research has also shown that reading and writing Chinese characters are two separate information acquisition processes with different influencing factors (Jiang, 2007) . The use of Pinyin, a Romanization system for Mandarin, helps to link these processes by transforming characters into phonetic words. Through Pinyin, applications like Duolingo and ChineseSkill, as well as other digital resources, can allow learners to read or submit the phonetic versions of Chinese characters. Zhu et al., (2009) indicated that as a digital input method, Pinyin can strengthen character recognition through the consolidation of pronunciation capabilities. While tablets and other touch devices may allow learners to draw characters, Pinyin bridges the availability of Chinese learning acquisition to broader digital environments. Learners must still memorize characters for the sake of recognition in reading, and in order to connect the character and its Pinyin equivalent, but producing characters and applying the proper stroke order is no longer a necessity.
Despite an understanding that Chinese language acquisition requires characters, meanings, sounds, and often Pinyin, little research has been done on the difficulties inherent to each specific component of the process. Even less work has focused on how Chinese language acquisition has adapted to the digital world. As a Chinese language instructor at a major institution in New England, the first author observed that students typically begin word memorization by practicing connections between sound and meaning, considering the character/meaning connection as a secondary task. Her observation was supported by literature on Chinese language acquisition. Tan and Perfetti (1999) suggested that phonology is an obligatory component of word identification in Chinese reading. Perfetti and Liu (2006) then supported this idea, stating that phonology is automatically activated in reading words, regardless of whether activation occurs before or after the moment of lexical access and regardless of whether it is instrumental in retrieving the word's meaning. Essentially, Chinese characters activate pronunciation, even when the reader's goal is to determine the character's meaning.
Based on past research and considering the six connections required for Chinese word acquisition, it is possible to speculate that connections between meaning and character are more difficult because sound must also be accessed, even if unintentionally. It becomes difficult to discern if and how these components of word acquisition can be teased apart, and whether providing particular types of connections more frequently than others has the potential to produce more robust learning.
As such, we conducted the present study as a randomized controlled trial with three conditions to compare the consequences of removing each bidirectional connection pair involved in Chinese word acquisition: sound focused practice, meaning focused practice, and character focused practice. The present study sought to answer the following research questions:
1. Does student performance, as measured at posttest, differ significantly when a learning assignment for novel words lacks bi-directional sound-meaning, meaning-character, or character-sound connection pairs? 2. Which problem types pose the most difficulty for word acquisition? Are problems that lack sound-based connections more difficult? Do students make significantly more attempts or use hint feedback significantly more when completing these types of problems?
We hypothesized that evidence of student's word acquisition would differ significantly when bidirectional acquisition connections were reduced or removed from the learning experience (i.e., when their learning assignments lacked sound-meaning, meaning-character, or character-sound connection pairs). We also hypothesized that problems providing sound (e.g., sound-meaning, meaning-sound, soundcharacter, character-sound) would be easier for students and would lead to greater evidence of word acquisition.
METHOD

Participants
Participants included 60 students enrolled in an Intermediate Level Chinese class at a major university in New England during the Fall 2016 semester. Students participated in the course for credit and had been enrolled at the intermediate level following their experience in a preliminary Chinese course or based on their performance on a placement exam. All 60 students were assigned a pre-test and learning assignment on Day 1 of the study. Of these students, two could not access the study's internetbased video content and were removed from the analytic sample. In addition, as random assignment was conducted virtually at the start of the learning assignment, three students were not assigned to condition because they did not participate in the learning assignment and were therefore excluded from the analytic sample. The remaining 55 students were randomly assigned to one of three experimental conditions: 1) a sound focused practice, 2) a meaning focused practice, or 3) a character focused practice. Student-level randomization was conducted by the learning platform used to deliver study materials. Randomization did not result in a particularly normal distribution across conditions because group sizes were somewhat small. However, attrition rates did not differ significantly between conditions allowing the authors to proceeded with the analyses discussed herein. Three students failed to complete the Day 1 learning assignment, and 51 students were assigned to the post-test on Day 2. Of them, 50 students completed the post-test, with 46 having first completed the Day 1 pre-test and learning assignment. Thus, the present work uses an analytic sample of n = 46.
Setting
All study materials were delivered as part of a graded classwork assignment, and subjects participated during their regular class period. The present work was the first of its kind to be conducted using the ASSISTments Testbed, infrastructure that leverages ASSISTments, an online learning platform typically used for middle school mathematics. The platform is offered as a free service of Worcester Polytechnic Institute (WPI), with the goal of providing students with instructional assistance while offering teachers reports for formative assessment, thereby establishing its moniker (Heffernan and Heffernan, 2014) . The Testbed is unique in that it allows researchers to use ASSISTments to conduct randomized controlled trials by manipulating premade content that is then made available to a subject pool of more than 50,000 student users. The platform can also be used to develop materials and conduct research in other domains, and its collections of certified materials in Physics, Chemistry, and Language are growing.
Studies conducted in the ASSISTments Testbed are covered primarily by WPI's IRB and researchers from other institutions can seek exemptions from their own IRB to work with the de-identified student data provided by the system. Under the Testbed's IRB regulations, as long as experimental conditions fall within the boundaries of "normal instructional practice," participants do not need to be informed of or provide consent for their participation in the experiment, but may be debriefed after the fact.
Materials
The first author, a lecturer in Intermediate Level Chinese but not the active teacher of the participants in this study, worked collaboratively with the sitting lecturer to select ten novel words from the course textbook to assign as learning targets. A pre-test was used to assess participants' knowledge of these words prior to beginning the learning assignment. Students that knew any or all words were still required to complete the learning assignment in class, but they were not included in the analytic sample as our focus was on novel word acquisition. Further description of the ten words is available in our supplementary materials (Lu, 2017) .
The learning assignment consisted of sixty possible problems. Six problems were developed for each of the ten novel words, corresponding to the six (bi-directional) connections that must be constructed between components of sound, meaning, and character. For each word, problems prompted students to provide solutions associating 1) sound to meaning, 2) meaning to sound, 3) sound to character, 4) character to sound, 5) meaning to character, and 6) character to meaning. Problems featuring sound components utilized brief YouTube videos to deliver audio. All problems can be referenced in our supplementary materials (Lu, 2017) .
Procedures
The experimental design spanned two consecutive class meetings and students were allowed to work at their own pace. On the first day, students created ASSISTments accounts and were provided an explanation of how to proceed with their pre-test and learning assignment. Before starting the study, students first completed a data collection problem assessing their ability to access YouTube videos. Responses were used to verify that students would be able to receive the sound component of problems or feedback. If students could not access video content they were routed into an alternative (but similar) assignment and were excluded from the analytic sample. Students with access to video were randomly assigned to one of three conditions that examined the removal of each bi-directional pair of connections involved in Chinese language acquisition.
Regardless of condition, the learning assignment began with a ten question pre-test to assess knowledge of each novel word. Each pre-test problem followed the format: "Please write down the English meaning of the word '孩子, hai2zi0'. If you don't know this word, please enter the word 'no'." Following the pre-test all participants began a learning assignment with 40 problems. Participants in Condition 1 received four types of problems featuring sound-based word acquisition connections for each of the 10 target words (e.g., sound to meaning, meaning to sound, sound to character, and character to sound). Similarly, participants in Condition 2 received four types of problems featuring meaning-based connections for each of the 10 target words, and participants in Condition 3 received four types of problems featuring character-based connections for each of the 10 target words.
For each problem, participants could ask the system for a single hint if they were unable to provide the correct answer. Each hint was developed to provide the problem's missing language component. For instance, if the problem asked the student to convert a character to its meaning, the hint would provide the word's sound using a YouTube video. If a student was still unable to reach the solution after acknowledging all three components of the word, they were able to request the correct answer from the system in order to move on to the next problem.
On Day 2, students began class by logging into ASSISTments and taking a post-test with problems that mirrored those on the pre-test. As students were not aware that their Day 1 learning assignment was part of an experiment, problems for the ten novel words were interleaved with problems featuring other words from a recent lecture to make the post-test more comprehensive and to promote the need for word recall beyond rote memory. Students were told that their scores on Day 2 material would count as a daily quiz grade.
Analyses
Data collection included student's pre-test and posttest responses, as well as their performance on the Day 1 learning assignment. All measures were logged by ASSISTments, including students' problem-level accuracy, response time, attempt count, hint usage, and answer requests. All data was generated by the reporting infrastructure of the ASSISTments Testbed. Raw csv files were cleaned and entered into IBM's SPSS for analysis.
Students' accuracy on pre-test, learning assignment, and post-test problems were used to compare learning gains by condition using an Analysis of Variance (ANOVA). Descriptive statistics of students' performance at each of these three time points are presented in Table 1 by condition, with pre-to post-test gain scores calculated for convenience.
Analysis of problem type difficulty focused on detailed measures of students' performance on the Day 1 learning assignment including accuracy, attempt count, hint usage, and answer requests. Student-level averages for these measures were calculated to control for the number of problems students experienced during the learning assignment. Multiple ANOVAs were then conducted using each of these four average measures as dependent variables to examine how problem types differed by problem type and condition. Descriptive statistics and ANOVA results for the four dependent variables are presented in Table 2 by problem type and condition. 
RESULTS
We hypothesized that evidence of student's word acquisition would differ significantly when bidirectional acquisition connections were removed or reduced from the learning experience (i.e., when their learning assignments lacked sound-meaning, meaning-character, or character-sound connection pairs). We also hypothesized that problems providing sound (e.g., sound-meaning, meaning-sound, soundcharacter, character-sound) would be easier for students and would lead to greater evidence of word acquisition. 
Learning Gains
In order to assess whether student performance, as measured at post-test, differed significantly when word assignments lacked sound-meaning, meaningcharacter, or character-sound connection pairs, we analysed the performance of 46 students that completed all Day 1 and Day 2 study materials. ANOVA results revealed that conditions were not significantly different at pre-test, F(2, 53) = 0.87, p > .05,  2 = .03, despite a lower average for those assigned to receive sound focused problems. Average scores on the 40 problem learning assignment were significantly different across conditions, F(2, 53) = 3.38, p < .05,  2 = .11, driven by a significant difference between sound focused practice and meaning focused practice. Post hoc tests revealed that students were significantly more accurate on meaning focused practice problems, p = .04, 95% CI [-.21, -.01], Cohen's d = -.26. Despite these differences between assignment scores, no significant differences were observed at post-test, F(2, 43) = 0.29, p > .05,  2 = .01. Additionally, pre-to post-test gains were not significantly different between conditions, F(2, 42) = 0.31, p > .05, partial  2 =.01.
Learning Difficulty
In order to assess whether word assignments that lacked sound-based connections were more difficult, we further analysed the performance of the 56 students who completed the Day 1 learning assignment. Data was sorted at the problem-level to examine the effect of problem types (i.e., problems providing sounds, problems providing meanings, and problems providing characters). Using this organization structure, students had experienced either 10 or 20 problems of each type, depending on their assigned condition. Four dependent variables were considered, including student's average accuracy, attempt count, hint usage, and answer requests. Descriptive statistics and ANOVA results for the four dependent variables are presented in Table 2 by problem type and condition. Descriptive statistics are also compared visually in Figure 1 .
Accuracy
Significant differences were observed between students' average accuracy on differing problem types, F(2,163) = 14.49, p < 0.001,  2 = .15. Specifically, significant differences were observed between problems providing sounds and those providing meanings, p < .001, Cohen's d = .93, as well as between problems providing meanings and those providing characters, p < .001, Cohen's d = .74. Problems that provided meanings resulted in the lowest accuracy on average (M = 0.67, SD = 0.28). In contrast, problems that provided sounds or characters resulted in higher accuracy on average, (M = 0.67, SD = 0.28 and M = 0.67, SD = 0.28, respectively). Significant differences were also observed between experimental conditions with regard to problems providing sounds, meanings, and characters (all p < .01), as shown in Table 2 .
Hint Count
Next, significant differences were observed between the average number of hints requested by students on differing problem types, F(2,163) = 23.58, p < 0.001,  2 = .22. Significant differences were again observed between problems providing sounds and those providing meanings, p < .001, Cohen's d = 1.21, as well as between problems providing meanings and those providing characters, p < .001, Cohen's d = 0.71. Students required the most hints on average on problems that provided meanings (M = 0.47, SD = 0.52), and the fewest hints on average on problems that provided sounds (M = 0.02, SD = 0.05). Students required a moderate amount of hints on average on problems that provided characters (M = 0.17, SD = 0.30). Significant differences were also observed between experimental conditions with regard to problems providing sounds, meanings, and characters (all p < .001), as shown in Table 2 .
Attempt Count
Significant differences were also observed between the average number of attempts made by students on differing problem types, F(2,163) = 13.11, p < 0.001,  2 = .14. Significant differences were again observed between problems providing sounds and those providing meanings, p < .001, Cohen's d = .99, as well as between problems providing meanings and those providing characters, p = .002, Cohen's d = 0.51. Students made the most attempts on average on problems that provided meanings (M = 2.14, SD = 1.32), and the fewest attempts on average on problems that provided sounds (M = 1.20, SD = 0.23). Students made a moderate number of attempts on average on problems that provided characters (M = 1.54, SD = 1.02). Significant differences were also observed between experimental conditions with regard to problems providing sounds, meanings, and characters (all p < .01), as shown in Table 2 .
Answer Requests
Finally, significant differences were observed between the average number of answers requested by students on differing problem types, F(2,163) = 20.54, p < 0.001,  2 = .20. Interestingly, regardless of condition, students did not request answers at all when solving problems that provided sounds (M = 0.00, SD = 0.00, all conditions). Significant differences were observed between problems providing sounds and those providing meanings, p < .001, as well as between problems providing meanings and those providing characters, p < .001, Cohen's d = .67. Students requested answers most frequently on average when working on problems that provided meanings (M = 0.19, SD = 0.24), but less frequently on average when working on problems that provided characters (M = 0.06, SD = 0.13). Significant differences were also observed between experimental conditions with regard to problems providing meanings and characters (both p < .001), as shown in Table 2 .
DISCUSSION
Research suggests that Mandarin Chinese is one of the most difficult languages for native English speakers to acquire, requiring almost four times as much class time to reach the same level of speaking and reading proficiency as French or Spanish (LiskinGasparro, 1982; Wolff, 1989) . Because Chinese reading and writing systems are not phonetic, learners must construct six-way mental connections between sounds, meaning, and characters in order to learn new words. However, little work has focused on the relative importance of each type of connection. Online learning applications have allowed learners to broach language acquisition in new and unique ways, while collecting powerful data that researchers can use to investigate the complexities of word acquisition. The present work leveraged on online learning environment to examine how the components of Chinese word acquisition (sounds, meanings, and characters) influence students' learning outcomes.
The present work first sought to understand if removing a bi-directional connection (i.e., sound to meaning and meaning to sound) would significantly alter students' learning as measured by a delayed post-test. Three learning assignments were constructed to test this hypothesis, and students were randomly assigned to 1) sound focused practice, 2 meaning focused practice, or 3) character focused practice. Differences between conditions were not significant at post-test or when performance was viewed in terms of pre-to post-test gains. However, students' performance within their learning assignments did differ significantly by condition. Thus, despite the emphasis that past research has placed on sound components within Chinese word acquisition, the present work offered no evidence that the removal of sound disproportionately hindered word acquisition.
Based on past research (Perfetti and Liu, 2006; Perfetti et al., 1992; Tan and Perfetti, 1999 ) the present work also sought to examine whether problem types lacking sound connections would be more difficult to students, as measured by their average accuracy, attempt count, and need for systemprovided hint or answer feedback. Restructuring the data by problem type, analysis of 56 students revealed significant differences in within-assignment difficulty as measured by students' average accuracy, attempt count, hint usage, and answer requests across problems within the learning assignment. For each dependent variable, significant differences were observed between problems providing sounds and those providing meanings, as well as between problems providing meanings and those providing characters.
Problems that provided a word's sound (sound to meaning, sound to character) were least difficult for students; they had higher average accuracy on these problems while requiring fewer attempts and asking for hints and/or answers less frequently on average. In contrast, problems that provided a word's meaning (meaning to sound, meaning to character) were most difficult for students; they had lower average accuracy on these problems while requiring more attempts and asking for hints and/or answer more frequently on average. While this finding did not directly replicate the Universal Phonological Principle described by Perfetti et al., (1992) , it reflected the principle from an alternative perspective. Based on this finding, teachers and developers of digital language content should expect that practices providing a word's sound will be easier for students, while those providing a word's meaning will be more difficult. As such, it may be beneficial to start assignments and lessons with practices that provide sound-based connections, allocating time to the practice of meaning-based connections as secondary instruction.
It is important to note that the present work was not without limitation. As student-level random assignment was conducted by the ASSISTments platform, distribution across the three experimental conditions was not well balanced. As the unbalanced distribution was caused by chance, a larger sample size may have resolved this issue. A larger sample size may have also revealed a greater difference in learning gains between conditions, as group sizes less than n = 30 suggested reduced power. Nonparametric tests could alternatively be considered in future work with small sample sizes.
Given the observation that problems providing a word's meaning posed the greatest difficulty for students while problems providing a word's sound were met with the greatest ease, future work should consider how altering practice strictly by component (i.e., by removing problems that provide a word's sound and expect students to return a meaning or character) rather than by a bi-directional connection pair (i.e., removing sound to meaning and meaning to sound) impacts evidence of students' word acquisition. Although this shift would likely result in significantly different evidence of word acquisition at post-test, it was not employed in the present work to maintain "normal instructional practice" within an authentic classwork assignment.
Further, participants in the present study experienced each of the four problem types (by condition) only once per target word. Although this resulted in 40 problems spanning the ten target words, future work should examine how adding additional practice might ultimately enhance learning. Evidence of word acquisition and learning gains may be stronger with additional practice.
The present work may also have been limited by a ceiling effect, which future work could seek to confirm or refute. Future work should also consider long-term word retention, as evidence for more robust word acquisition may function differently than that observed over just two days. Future work should also further examine why problem types guided by acquisition component (sound, meaning, or character) pose different levels of difficulty to students.
We are left with many questions to be tackled in future work. What is it that makes a particular type of problem more or less difficult to answer? Do problems that provide a word's meaning strain learners to recall it's sound or character? Is the added difficulty inherently beneficial for later word retention? How can teachers and learning platforms better assist students learning Chinese as a second language with these types of problems?
CONTRIBUTION
Prior work has failed to focus on the relative importance of the connections between the sound, meaning, and character components required for successful Chinese language acquisition. The present work teased these components apart within the context of an online learning assignment, discovering that problem difficulty levels vary significantly by component type, but that the removal of particular bidirectional connections between components did not significantly impact novel word acquisition as measured at post-test. Results suggested that problems that provide word meaning and expect students to return a sound or character are most difficult, while problems that provide sounds and expect students to return a meaning or character are least difficult. This finding suggests that instructors of Chinese as a foreign language, and those building digital learning content for Mandarin, should begin practices with sound-based connections and spend extra time on meaning-based connections later in practice. This finding has the potential to enhance the way Chinese language is taught in foreign language classrooms and in digital learning environments, reducing difficulty for students and, perhaps, enhancing their motivation to continue pursuing the Chinese language.
